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1 Introduction
The use of higher frequencies for plasma heating results in higher particle density for
Electron Cyclotron Resonance Ion Sources (ECRIS), see Fig. 1. This frequency has
been increased from 6GHz in the 1980’s to 14.5Ghz in the 1990’s to 28GHz in the
present decade. However, with increasing microwave frequency a higher magnetic
flux density is required, to fulfill the electron cyclotron resonance condition:
ωECR =
q
m
· | ~B| (1)
It has to be expected that the quality of the extracted beam depends on the applied
magnetic flux density. Ions are generated at a location, where the electron density
is high enough. Extraction can be expected if the flux density | ~B| at this origin
is at least as high as in the extraction aperture. There are only a few ion sources
designed for such high magnetic flux densities: VENUS[1] in Berkeley , SECRAL[2]
in Lanzhou, SUSI[4] in Michigan, and the RIKEN ECRIS[5]. Momentarily SE-
CRAL and SUSI are the only ion sources in the world available for experimental
investigations. The LBNL ECRIS VENUS is under repair at the moment after suf-
fering a quench, burning a superconducting (SC) lead to the hexapole coils. SUSI
is presently operated with 18GHz, SECRAL is operated with 14.5GHz and 18GHz
respectively, and the RIKEN ECRIS is still under commissioning.
SUSI RIKEN SECRAL VENUS MS-ECRIS
Frequency [GHz] 18-24 14-28 18-24 18-28 28-37
RF Pmax [kW ] < 10 < 10 10 10 10
Bradial [T ] 1.8 2.0 2.0 2.0 2.7
BInjection [T ] 3.6 3.8 3.6 4.0 4.5
BExtraction [T ] 2.2 2.2 2.2 3.0 3.5
Distance between
field maxima [mm] 340-460 525 420 500 650
∅ chamber [mm] 102 150 126 140-152 180
∅ cryostat [mm] ≈1000 ≈1300 900 1060×970 1200
L (cryostat) [mm] ≈1000 1300 1000 1070 1347
Vextr [kV ] 30 40 30 40-50
LHe consumption [l/h] >0 0 1.5 0 0
Precooling LN2
Table 1: Design values of existing superconducting ECRIS.
The experiments which are reported in this paper were performed with IMP’s SE-
CRAL ion source. The ion source is operated at the HIRFL (Heavy Ion Research
Facility in Lanzhou) and is designed to deliver a higher charge state with higher ion
beam current for the injection beam line of the HIRFL cyclotrons, compared to the
existing ECRIS[3].
In order to get an idea of the ion beam quality and the shape of the ion beam for
different modes of operation for the ion source, viewing targets have been used to
achieve an online recording of the ion beam shape. By changing various ion source
parameters separately the influence on the beam behavior could be observed and
analyzed.
During the experiments the magnet settings were not at the maximum design values
originally specified for operation with 24–28 GHz because of the non-availability of
such a gyrotron device. Typical magnet currents for 14.5 and 18GHz are given in
the following table in comparison to the design currents for 24GHz operation.
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Figure 1: Expected shift of the charge state distribution and expected increase of
intensity due to the increase of microwave frequency.
Coil Design current [A] Operating current[A] ratio compared to the
24GHz 14.5GHz/18GHz design current[%]
Injection coil 193 116 60
Center coil 25 15 60
Extraction coil 164 91 55.5
Hexapole coils 138 91 66
Table 2: Operating and design currents of SECRAL.
2 Experimental setup
2.1 ECR ion source
Different to all other ECRISs, SECRAL utilizes a minimum B structure consisting
of three solenoid coils inside a hexapole coil system. To reduce magnetic interaction
forces in the magnetic system the hexapole is placed outside of the mirror coils.
The maximal design values for the magnetic flux density are 3.6T at injection,
2.2T at extraction and 2.0T radial field at the wall of the plasma chamber. The
magnetic mirror field distribution on axis is shown in Fig.2. The inner diameter of
the aluminum plasma chamber is 126mm and the chamber is about 1m in length.
The superconducting magnet system is cooled by a one-stage cryocooler. Never-
theless it is necessary to fill up the ion source with liquid helium regularly. The
liquid helium consumption is about 1.4 l/h. The microwave power is provided by an
18GHz / 2kW klystron and a 13.75–14.5GHz / 0.75kW TWTA (Traveling Wave
Tube Amplifier).
2.1.1 Ion beam extraction
SECRAL is equipped with a simple diode extraction system consisting of one elec-
trode on plasma potential and the so called puller electrode on ground potential,
see Fig. 3. In Fig. 4 the positions of both electrodes are shown with respect to the
peak of the magnetic field on extraction side.
For the simulation (see chapter 4) the following assumptions are made: the plasma
is confined by the magnetic mirror field. The hexapole provides loss lines to stabilize
the plasma. Electric fields in the plasma are small because of the balance of ions
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Figure 2: Mirror field distribution of SECRAL on axis with marked position of
plasma electrode. Extraction is to the left.
and electrons. The ion temperature in the plasma is in the eV-range and due to
the strong magnetic flux density the Larmor radius of ions is in the sub-mm range.
The ions are strongly bound to the magnetic field lines.
To find the correct starting conditions for the ions in the simulation, the magnetic
field lines going through the extraction aperture have to be traced back. Due to
symmetry reasons the field line is on axis for the center of the extraction aperture,
and the field lines are influenced by the hexapole for radii 6= 0.
Furthermore, ions are transferring energy from the longitudinal direction of the
magnetic field line to the perpendicular direction for positive gradient ∂ ~B/∂~s and
for a negative vice versa. Ions will be trapped in this mirror when starting conditions
are not appropriate and no collision transfers additional energy.
2.2 Ion beam transport
The ion beam transport between extraction system and first magnetic lens might
be only partially space charge compensated, because a possible leakage of electrons
toward the ion source may occur. The loss of electrons further downstream through
the beam line solenoid is restricted except for electrons on axis.
As shown in Fig. 5 a focusing solenoid is located directly after the extraction system.
Between that lens and a 110◦ analyzing magnet a diagnostic box is installed which
contains the first viewing target (VT1). In front of the second diagnostic box,
which contains the Faraday cup, an emittance scanner of Allison type, the second
viewing target (VT2) and a pair of variable horizontal and vertical slit apertures are
mounted. The Faraday cup with an open diameter of 56mm uses an electrostatic
screening electrode for secondary electron suppression (see Fig. 6).
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Figure 3: Diode extraction system of SECRAL with plasma electrode on plasma
potential (left) and grounded puller electrode (right).
Figure 4: Position of the extraction system of SECRAL with respect to the B-field
distribution on axis.
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Figure 5: SECRAL ion source and the low energy beam line with a solenoid lens
and a 110◦ analyzing magnet.
Figure 6: Geometry and dimensions of the Faraday cup.
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2.3 Diagnostic tools
2.3.1 Viewing targets
Viewing targets are good instruments to get qualitative information about the beam
shape, its distribution, and its position. The viewing targets are made from 1.5mm
thick aluminum plates of 70mm diameter, with drilled holes as visible marks (see
Fig. 7). Two different chemical scintillating compounds have been used to coat the
viewing targets in order to visualize the ion beam during these experiments. For the
target in the first box after the ion source barium fluoride (BaF2) has been used as
scintillator because it is suitable for intense beams and shows a reasonable lifetime.
In the second diagnostic box a potassium bromide (KBr) coated target has been
used due to its higher sensitivity, but at the expense of shorter lifetime.
Figure 7: Aluminum plate for viewing target production before coating. (Here the
distance between the holes is 5mm).
The distance between the marks on the used targets is 10mm horizontally and
vertically. After preheating of this plate it has been sprayed with a suspension
of the scintillating material and has been cured after this treatment (0.25 h at a
temperature of 110◦C). For the spraying process an airbrush gun has been used.
Due to the manual fabrication it is very likely that the surface of the targets is
partially inhomogeneous. Therefore it is not possible to correlate the brightness
of the camera signal to the ion beam intensity. Furthermore, the life time of the
chemicals is limited and the light signal shows no linear dependence on the ion
beam intensity. This prevents an absolute determination of the observed beam
brightness. After roughly 4 h of beam exposition, VT1 had to be replaced by a new
target. The position of the viewing targets is displayed in Fig. 5. NO1 Image and
NO2 Image will be labeled below as viewing target number one (VT1) and viewing
target number two (VT2). Both targets, VT1 and VT2 have been mounted on a
pneumatic feed through. VT1 was installed on a vertical feed through (Figures 8
and 9). The feed through of VT2 was mounted with an angle of 135◦ as shown in
Figures 10 and 11. Digital video cameras have been used to record the images on
the viewing target.
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Figure 8: Shown from left to right: Ion source, beam line solenoid, first diagnostic
box with target feed trough and camera, and the separating dipole magnet on the
right.
Figure 9: Sketch displaying orientation of VT1. The camera is mounted perpendic-
ular above the target.
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Figure 10: Support for VT2 with mounted camera.
Figure 11: Sketch displaying orientation of VT2. The camera is mounted 45◦
diagonal, downstream at the lower left side.
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2.3.2 Devices for emittance measurements
Different measurement techniques have been used to measure the important prop-
erty emittance. However, one should be careful when comparing emittances. First
of all the emittance which can be derived from the profile measurement is another
quantity then the emittance measured by a slit-grid device. Furthermore, the loca-
tion of the slit-grid device is different from the location of the profile measurement;
fractions of the beam might be lost during the transport and/or the emittance might
be increased if the transport through the dipole is not linear.
Profile measurements Depending on their mass-to-charge ratio different ions
are focused unequally by passing trough a solenoid lens. Due to this fact ions of
different mass-to-charge ratios are forming distorted circles with different diameters
on the first viewing target directly after the beam line solenoid. The diameter
depends on the focusing strength of the magnet. With increasing focusing strength
their diameter shrinks and increases again when the beam becomes over focused.
Because of the emittance of the ion beam the minimum diameter in the focusing
point cannot become zero.
In order to estimate the emittance of the ion beam, the focusing strength of the
first beam line solenoid has been varied, and the resulting diameter for all different
m/q on VT1 has been recorded sequentially. The correlation of the parameters,
solenoid current, extraction voltage, drift length, effective length of the solenoid,
mass and charge state and diameter of the observed ion beam, gives an estimate for
the emittance by solving the transport matrix[7].
Looking to the viewing targets it seems that the beam has a hollow structure.
Due to the non circular shape of the ion beam and the beam rotation caused by
the solenoid lens it is necessary to measure the ion beam diameter in the correct
azimuthal angle.
The effective length of this solenoid was determined to 170mm. The drift length
between solenoid and viewing target VT1 was 197mm. Possible saturation effects
in the iron yoke and interference between the beam line solenoid and the ion source
magnets have been neglected. Previous experimental investigations have shown
that the best emittance evaluation can be done using data close to the minimum
diameter of the ion beam. Here the shape of the ion beam is most circular and so
the determination of the diameter is most reliable. For each curve three data points
close to the minimum were used to set up three independent solutions to evaluate
the emittance.
Beam matrix formalism to estimate the emittance Following Liouville’s
theorem the phase space of a particle beam can be described by a so called phase
space ellipse, see Fig. 12. The beam emittance stays constant in the six dimensional
space (x, y, z, vx, vy, vz). If there is no coupling between the different planes this
fact is true for the two dimensional subspaces as well. The area of the ellipse stays
constant if only conservative forces are acting on the ion beam. If the area occupied
by particles in phase space is known at any location of the beam line, the emittance
is known.
The area enclosed by the phase space ellipse divided by π is called beam emittance
ǫ and can be described as:
ǫ = γx2 + 2αxx′ + βx′2 (2)
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Figure 12: The emittance ellipse and important abbreviations.
1 = β · γ − α2 (3)
α, β and γ determine the shape and orientation of the ellipse and are called Twiss
parameters.
In the experiments described below the emittance as well as the Twiss parameters
are unknown, but can be evaluated if a sufficient number of linear independent
solutions can be found.
During the transport of the beam it passes through linear elements i.e. drift sections,
solenoids, quadrupoles, or dipoles. That changes the Twiss parameters, but keeps
the area of the ellipse, the emittance, constant.
Therefore it is possible to calculate the emittance by knowledge of the beam size in
at least three different positions along the beam line and the transport properties
of the beam line. This provides a system of linear equations which can be solved.
This method can be used without focusing lenses in a drift section with three dif-
ferent target positions, or with three different solenoid flux densities and one fixed
viewing target, or any other combination of target positions, and focusing prop-
erties. This provides a simple way to estimate the emittance including the Twiss
parameters without using a pepper pot or a slit grid device. Space charge effects
and the presence of iron around the magnet (saturation effects) are neglected here.
In the evaluation which is described in the following, the magnetic flux density of a
solenoid is ramped and after a certain drift length the diameter of the beam is made
visible by a scintillating screen and recorded by a CCD camera. The dependence of
the beam size from the solenoid current is fitted by a polynomial function and three
of these parameter sets are used to solve the matrix formalism given in formula 17.
The two dimensional transport matrix (single particle optic in one plane) for a
solenoid is given as
12
MSol =
[
C 1
k
S
−k · S C
]
(4)
C = cos(k · leff ) and S = sin(k · leff )
and the drift section behind the solenoid can be described by:
MDrift =
[
1 LD
0 1
]
(5)
Where LD is the drift length between solenoid and viewing target and leff defines
the effective length of the solenoid. The focusing strength k is defined as:
k =
B0
2Br
(6)
where B0 is the maximum solenoid flux density depending on the actual measured
solenoid current and the coil geometry. Br is the magnetic rigidity defined as:
Br =
m · v
q
(7)
The transformation matrix for the applied beam line section is simply the product
of the drift matrix and the solenoid matrix:
MTrans =
[
1 LD
0 1
]
·
[
C 1
k
S
−k · S C
]
=
[
C − LDk · S 1kS + LDC
−k · S C
]
(8)
This provides the two matrix elements m11 and m12, which is necessary for three
different focusing strengths ki (i=1,2,3):
m11(ki) = C − LD · kiS = cos(kileff )− LD · ki · sin(kileff ) (9)
m12(ki) =
1
ki
S + LDC =
1
ki
· sin(kileff ) + LD · cos(kileff ) (10)
Instead of using single particles, the emittance ellipse can be transformed through
the beam line. In this case the transformation is made using the Twiss parameters
α, β and γ which can be related to the elements of a matrix σ according to the
following equation:
σ =
[
σ11 σ12
σ21 σ22
]
= ǫ ·
[
β −α
−α γ
]
(11)
with σ11 = β · ǫ ; σ12 = σ21 = −α · ǫ ; σ22 = γ · ǫ
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ǫ =
√
σ11 · σ22 − σ212 (12)
According to the definition of the β parameter
β =
xmax
2
ǫ
(13)
it is possible to calculate the emittance by the knowledge of the beam size by using
the equation:
σ∗ =MTrans · σ ·MTransT (14)
WhereMTrans
T is the transpose of theMTrans matrix and σ
∗ is related to the Twiss
parameters calculated downstream of the transformation. By using the expression
of the σ11
∗ parameter, the equation needed to calculate the emittance is:
σ∗11 = m
2
11 · σ11 − 2m11 ·m12 · σ12 +m212 · σ22 (15)
this leads to the system of linear equations:

 m2111 −2m111m121 m2121m2112 −2m112m122 m2122
m2113 −2m113m123 m2123

 ·

 σ11σ12
σ22

 =

 r21r22
r23

 (16)
where m11i andm12i are related to the three different radii ri (i=1,2,3) measured at
the scintillating screen for three different focusing solenoid currents. The knowledge
of three different beam sizes gives the possibility to solve this system and to calcu-
late the emittance and even the twiss parameters of the ellipse with σ11, σ12 and σ22.

 m2111 −2m111m121 m2121m2112 −2m112m122 m2122
m2113 −2m113m123 m2123


−1
·

 r21r22
r23

 =

 σ11σ12
σ22

 (17)
In order to prove the concept of the previous calculation, the following steps provide
a reverse assessment of the three different beam sizes at the viewing target.
In the presence of conservative forces the emittance remains the same, then it is
possible to find out the beam diameter d as function of the beam focusing solenoid
current with the following formula:
d = 2r = 2
√
β · ǫ (18)
Where r is the beam radius.
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To calculate the Twiss parameters of the beam at the position of the viewing target
the product of the drift matrix and the solenoid transfer matrix has to be multiplied
with the already known Twiss parameters in the entrance plane of the solenoid αsol,
βsol and γsol .
The three dimensional transport matrix for the Twiss parameters is given as
MDrift =

 1 −2LD L2D0 1 −LD
0 0 1

 (19)
in the case of drift [7]
and for the solenoid it is given as [7]:
MSol =

 C2 −2 1kSC 1k2S2kSC C2 − S2 − 1
k
SC
k2S2 2kSC C2

 (20)

 βV TαV T
γV T

 =

 1 −2LD L2D0 1 −LD
0 0 1



 C2 −2 1kSC 1k2S2kSC C2 − S2 − 1
k
SC
k2S2 2kSC C2



 βSolαSol
γSol

 (21)
This has to be calculated for the three different solenoid currents and the corre-
sponding beam size has to be the same as the one measured at the viewing target.
Finally the beam diameter at the plasma electrode position can be determined.
We consider that the beam formation is only affected by the magnetic field of the
extraction coil and that it passes through a drift section, thus neglecting any space
charge effect. By indicating with (βPE , αPE , γPE) the Twiss parameters at the
plasma electrode position, their values are obtained by the inverse of the transfer
matrix reported in formula 21:

 βPEαPE
γPE

 =



 1 −2LD1 L2D10 1 −LD1
0 0 1



 C
2 −2 1
k1
SC 1
k2
1
S2
k1SC C
2 − S2 − 1
k1
SC
k21S
2 2k1SC C
2




−1 
 βSolαSol
γSol


(22)
Where LD1 is the drift length behind the extraction coil and k1 is related to the
magnetic field of the extraction coil.
This aims as a test for the estimation procedure. The virtual diameter which can
be reconstructed by this matrix formalism should be in the order of the extraction
aperture.
15
Slit-grid emittance scanner Fig. 13 shows a schematic view of an Allison type
emittance scanner, which is a slit-grid device. This is an emittance measurement
device which measures the angular distribution of the ion beam trajectories. The
entrance slit (slit 1) is moved through the beam perpendicular to the slit direction.
The incoming beam is swept across the exit slit (slit 2) by electrostatic deflection.
The particles which pass through the exit slit are collected in a shielded Faraday
cup. Secondary electrons are suppressed by a screening electrode. With this method
a two dimensional particle distribution can be measured. To enter into the Faraday
cup ions with the charge q , with the energy q*U, and with the entrance angle x’0
require a certain voltage V at the deflection plates.
x′0 = V · Leff/(2 · g · U)
Where g is gap width between the plates and Leff is the effective length of the
deflection field.[6]
The measured quantity for a slit-grid device is:
ǫ∗ =
∫ ∫ ∫ ∫
dydy′dxdx′ (23)
whereas for the profile measurement the result will be:
ǫ∗∗ =
∫ ∫
dxdx′ |y=y0 |y′=y′0 (24)
Figure 13: Schematic drawing of an Allison type emittance scanner.
When measuring small currents as in the case of the emittance meter, the reduction
of noise becomes an issue. Here we restrict ourself to the raw data without any
noise reduction.
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3 Measurements
During the experiments more than 8 hours of video recording have been obtained
in total. Additional emittance measurements have been performed for comparison
with the emittance evaluation given by the profile measurement method.
Experiments with different ion source settings and using different operating gases
have been done. Furthermore the different ion source magnet currents have been
varied separately as well as the beam line magnet currents. To prevent quenches the
range of accessible flux density had to be limited as well as the maximum ramping
speed as presented in the table below.
coil minimum maximum 24GHz design ramping
current [A] current [A] values [A] speed [mA/sec]
injection coil 95 125 193 52.5
middle coil 6 16 25 18.5
extraction coil 75 100 164 44
hexapole coils 80 100 138 42
Table 3: Ramping limits and ramping speed for SECRAL source coils.
3.1 Charge state distribution
To get more information about the intensity of the different ion beam components
the 110◦ dipole magnet is used as a spectrometer to separate these components. As
no common starting signal is available, the interrelation between the ramping of the
dipole magnet and the recording on the ion current in the Faraday cup has to be set
manually. This may lead to inaccuracies in the interpretation of the mass-to-charge
state distributions. The dipole current at the horizontal axis in Fig. 14 to Fig. 18
had to be recalculated by the dipole ramping speed.
As no correlated ramping between the dipole magnet and the beam line solenoid
was applied,the solenoid current has been set to provide optimal transmission for
the ion species of interest. Because there was no remote access the slits in front
of the Faraday cup remained open during the experiments. This leads to a limited
resolution of the spectrum files.
To get an idea about the transmission from the source to the Faraday cup behind
the dipole magnet we compared the drain current with the current summation of
each single peak of the spectrum. This has been done for the some measurements
presented in Table 4. If the solenoid would have been ramped together with the
dipole, a higher transmission could be expected.
drain sum of peaks ratio
current [mA] ≈[mA] ≈[%]
Helium (Fig. 14) 2.43 1.43 60
Oxygen (Fig. 15) 2.14 1.24 60
Argon (Fig. 16) 1.57 1.18 75
Krypton (Fig. 17) 2.03 1.18 60
Table 4: Comparison between drain current and sum of the single currents of dif-
ferent mass/charge states.
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Figure 14: Typical SECRAL mass/charge state distribution for helium beam
(microwave power = 100W at 18GHz, beam line solenoid current = 140A, extrac-
tion voltage = 15 kV, drain current = 2.43mA).
Figure 15: Typical SECRAL mass/charge state distribution for oxygen beam
(microwave power = 300W at 18GHz, beam line solenoid current = 150A, extrac-
tion voltage = 15 kV, drain current = 2.14mA).
18
Figure 16: Typical SECRAL mass/charge state distribution for argon beam with
support gas oxygen (microwave power = 300W at 18GHz, beam line solenoid cur-
rent = 170A, extraction voltage = 15 kV, drain current = 1.57mA).
Figure 17: Typical SECRAL mass/charge state distribution for krypton beam with
support gas oxygen (microwave power = 300W at 18GHz and 150W at 14.5GHz,
beam line solenoid current = 210A, extraction voltage = 15 kV, drain current =
2.03mA).
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3.1.1 Different charge states on the viewing target VT2
In this experiment all visible charge states of an argon beam were deflected by the
magnetic field of the 110o dipole magnet and displayed on VT2. Fig. 19 shows all
recorded charge states. The corresponding mass-to-charge state spectrum is shown
in Fig. 18. The changes in beam shape and intensity might have been caused by the
uncorrect way of setting the solenoid during the dipole magnet was ramped. The
distribution of intensity is related to the original charge state distribution within
the plasma.
Figure 18: SECRAL Spectrum for argon beam, extraction voltage = 15 kV, drain
current = 1.62mA, microwave power = 250W (18GHz).
The beam line solenoid has not been ramped and was fixed to 170A which corre-
sponds to a focused Ar9+ beam. Therefore, the beam optic varies for different for
mass-to-charge ratios, and the shape of the images changes for each charge state
accordingly.
Conclusion from this measurement:
• To achieve a correct spectrum, the ramping of the solenoid in front of the
dipole has to be correlated to the ramping of the dipole.
• It seems that the different mass-to-charge states are of the same general struc-
ture. It is still unclear whether they are similar or equal.
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Figure 19: All visible charge states from Ar13+ to Ar2+ on VT2 (first row from left
to right Ar13+,Ar12+,Ar11+,etc.).
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3.2 Profile measurement
Beside the slit-grid method the profile measurement with scintillating viewing tar-
gets provides additional information about the transversal beam geometry.
3.2.1 Comparison of grid data and profile maeasurement
Figure 20: Unfocused beam profile with a resolution of 50x50 pixels.
Figure 21: Brightness information of the beam profile transformed in to numerical
data.
Figure 22: Image of a horizontal 50 wire
grid, integrating the numerical
information of Fig.21 horizontally.
Figure 23: Image of a vertical 50 wire
grid, integrating the numerical
information of Fig. 21 vertically.
Here the profile provided by the viewing target (see Fig. 20) and the integrated
profile given by a grid system, (see Figures: 22 and 23) is compared. The vertical
grid (Fig. 23) pretends a uncentered beam which is artificial due to the structure
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of the beam. The wire grid images for horizontal and vertical plane are derived
artificially from the intensity distribution of the profile image obtained with the
viewing target VT1.
3.3 Emittance measurements
3.3.1 Investigation of different ion species
Together with the ramping of a focusing magnet the profile measurement gives the
possibility to estimate the beam emittance. Space charge effects are neglected and
a round homogeneous beam has to be assumed which may lead to inaccuracies of
the estimated emittance.
Helium Fig. 24 shows the variation of the beam diameter with increasing focusing
strength of the beam line solenoid for a helium beam on VT1. According to the
two charge states (He+, He2+) two sequential focusing and over-focusing processes
are visible. He2+ is focused in the fourth picture, He+ reaches the focusing point
in the eighth picture.
Figure 24: VT1, Beam profiles obtained by changing the focusing strength of the
beam line solenoid from 100A to 450A with an increment of ≈ 30A for a helium
beam (microwave power = 100W at 18GHz).
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It is visible that the beam shape changes from circular to triangular. The microwave
power was fixed to 100W (18GHz). All other ion source parameters have been set
to typical values according to operational experience.
Figure 25: Variation of the beam diameter by increasing the focusing strength of
the beam line solenoid for a helium beam (microwave power = 100W at 18GHz).
Fig. 25 shows the measured ion beam diameter as function of the solenoid current.
Each curve represents one of the two helium charge states. In addition the curves
are fitted with a polynomial curve.
The emittances for this beam can be estimated to be 932mmmrad for He+ and
845mmmrad for He2+, respectively.
Oxygen In Fig. 26 and 27 the diameter change of an oxygen beam on VT1 is
shown. Emittance values of 412mmmrad for O2+ and 855mmmrad for O4+ have
been evaluated, respectively. The microwave power was set to 300W (18GHz),
while the other ion source parameters have been set to typical values in order to
guarantee a stable beam.
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Figure 26: VT1, Beam profiles obtained by changing the focusing strength of the
beam line solenoid from 100A to 450A with an increment of ≈ 30A for a oxygen
beam (microwave power = 300W at 18GHz).
Figure 27: Variation of the beam diameter by increasing the focusing strength of
the beam line solenoid for an oxygen beam (microwave power = 300W at 18GHz).
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Argon Fig. 28 presents the corresponding results for an argon beam. In the fifth
picture (second row second column) the different charge states for argon are visible.
While the focusing power of the beam line solenoid is increasing, lower charge states
are focused. The last picture shows Ar6+. Evaluated emittances are given in Table 5.
Figure 28: VT1, Beam profiles by changing the focusing strength of the beam
line solenoid from 100A to 450A with an increment of ≈ 30A for an argon beam
(microwave power = 300W at 18GHz).
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Figure 29: Variation of the beam diameter by increasing the focusing strength of
the beam line solenoid for an argon beam (microwave power = 300W at 18GHz).
ion beam emittance
species [mm mrad]
He2+ 845
He+ 932
O4+ 855
O2+ 412
Ar10+ 933
Ar9+ 937
Ar8+ 798
Ar7+ 746
Ar6+ 1137
Table 5: Summary of measured emittances.
27
Krypton The same kind of experiment has been performed for a krypton beam.
Some screen shots of the experiment are shown in Fig. 30 with the corresponding
diagram showing the variation of the beam diameter of the different ion species
(Fig. 31). The microwave power was set to 300W at 18GHz and 150W at 14.5GHz.
The extracted beam current was about 1.9mA during this measurement. Compared
to the previous measurements at SECRAL very small emittance values have been
evaluated (Table 6). The reason for the big difference between the emittance of
the krypton beam and the emittances of the argon or helium beams has still to be
investigated as well as the deviation between the oxygen emittances.
Figure 30: VT1, Beam profiles by changing the focusing strength of the beam line
solenoid from 100A to 450A with an increment of ≈ 30A for an krypton beam
(microwave power = 150W at 14.5GHz and 300W at 18GHz).
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Figure 31: Variation of the beam diameter by increasing the focusing strength of
the beam line solenoid for an krypton beam (microwave power = 300W at 18GHz
and 150W at 14.5GHz ).
Figure 32: Comparison of all estimated emittances as listed in Table 6 (krypton
experiment).
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ion beam emittance
species [mm mrad]
O6+ 184
O5+ 202
O4+ 169
O3+ 330
O2+ 245
Kr20+ 189
Kr19+ 167
Kr18+ 230
Kr14+ 230
Kr13+ 351
Table 6: Summary of all evaluated emittances in the krypton beam.
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3.3.2 Variation of the magnetic flux density of the hexapole
To get an idea about the influence of the magnetic hexapole field of the ion source
on the shape of the ion beam and on the behavior of the emittance, experiments
with ramping the beam line solenoid at different hexapole settings have been done.
Fig. 33 and Fig. 34 show the behavior of the beam shape of a helium beam at
different hexapole currents for the beam components He2+ and He+. In the first
row the beam is shown before reaching its focus, in the second row when just in its
focus and in the third row over focused. Both, patterns and intensity offer visible
differences for different hexapole settings. A change of the hexapole current from
80–100A does not have a strong influence on the beam shape, although the light
signal intensity seems to increase with increasing flux density.
Because of the characteristic of the applied emittance evaluation method, it is not
possible to take these changes into account. The reason for this is the fact that
just the outer diameter of the focused ”ring” is measured (Fig. 35). No internal
information is considered. The calculated emittances for He2+ and He+ beam parts
are listed and shown in the following Figures 35- 36. In this figures the polynomial
fitted data are displayed.
80A 90A 100A
Figure 33: Helium beam on VT1 for three different hexapole strengths; focusing
of He2+. First row: under focused, second row: focused, third row: over focused.
(microwave power = 100W at 18GHz).
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80A 90A 100A
Figure 34: Helium beam on VT1 for three different hexapole strengths; focusing
of He+. First row: under focused, second row: focused, third row: over focused.
(microwave power = 100W at 18GHz).
Hexapole 80A Hexapole 90A Hexapole 100A
[mm mrad] [mm mrad] [mm mrad]
He2+ 720 850 790
He+ 485 550 670
Table 7: Estimated emittances for He+ and He2+ with different hexapole currents.
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Figure 35: Variation of the beam diameter by increasing the focusing strength of
the beam line solenoid for different hexapole settings. (microwave power = 100W
at 18GHz).
Figure 36: Emittances for He+ and He2+ with different hexapole currents.
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3.3.3 Variation of microwave frequencies
Similar to the emittance evaluation for different hexapole settings an experiment
was performed ramping the beam line solenoid while observing the change of ion
beam structure and ion beam diameter. This was done for two different microwave
frequencies of 14.5GHz and 18GHz, respectively. The microwave power was set to
250W in both cases. For both experiments the magnetic field configuration was set
to:
• injection coil = 116A,
• extraction coil = 90.2A,
• middle coil= 15A and
• hexapole = 90.2A.
The images of the viewing target for the focused beam parts He2+ and He+ are
shown in Fig. 37 and in Fig. 38, respectively. Under focused, focused and over
focused beams are shown in rows one to three. Small differences in the beam
profiles can be observed. Fig. 39 displays the corresponding diameter change for
He+ and He2+ beams. Fig. 40 displays the emittances evaluated from Fig. 39. The
numerical emittance values are listed in Table 8.
µW = 14.5GHz µW = 18GHz
[mm mrad] [mm mrad]
He2+ 760 640
He+ 580 615
Table 8: Estimated emittance data for He+ He2+ with two different microwave
frequencies.
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14.5GHz/250W 18GHz/250W
Figure 37: Helium beam on VT1 for two different microwave frequencies; focused
on He2+. First row: under focused, second row: focused, third row: over focused.
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14.5GHz/250W 18GHz/250W
Figure 38: Helium beam on VT1 for two different microwave frequencies; focused
on He+. First row: under focused, second row: focused, third row: over focused.
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Figure 39: Variation of the beam diameter by increasing the focusing strength of
the beam line solenoid for two different microwave frequencies.
Figure 40: Emittances for He+ and He2+ with two different microwave frequencies.
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3.4 Emittance scans obtained with the slit-grid device
In order to compare the beam emittance for different ion source parameter settings,
several measurements with the Allison type emittance scanning device have been
made.
3.4.1 Variation of the field strength of the hexapole
The snapshots in Fig. 41 show the beam profiles on VT2 directly before measuring
the beam emittance for a He2+ beam at different hexapole settings. The other
ion source parameters have been kept constant during the experiment. There is a
clearly visible change in shape as well as in size.
80A 90A 100A
Figure 41: Beam profiles for He2+ at VT2 behind dipole for hexapole currents of
80A, 90A, and 100A. Second row shows horizontal and the third row the vertical
emittance pattern.
The difference between both methods can be seen clearly; the internal beam struc-
ture obtained by the profile method is not visible with the slit-grid device. To
compare the variation of the emittance with increasing hexapole current for differ-
ent elements, similar experiments have been performed for He2+, Ar6+ and Ar11+
as well (see Fig. 41, Fig. 43 and Fig. 45). Fig. 42, 44 and 46 represent the appropriate
normalized RMS emittance for all three beams. Table 9 shows the corresponding
numerical results.
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Figure 42: Emittance scan results for horizontal and vertical emittances for the
He2+ beam.
80A 90A 100A
Figure 43: Beam profiles for Ar6+ at VT2 behind dipole for hexapole currents of
80A, 90A, and 100A. Second row shows horizontal and the third row the vertical
emittance pattern.
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Figure 44: Emittance scan results for horizontal and vertical emittances for the
Ar6+ beam.
80A 90A 100A
Figure 45: Beam profiles for Ar11+ at VT2 behind dipole for hexapole currents of
80A, 90A, and 100A. Second row shows horizontal and the third row the vertical
emittance pattern.
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Figure 46: Emittance scan results for horizontal and vertical emittances for the
Ar11+ beam.
Hexapole Twiss Parameters Normalized
Current α β γ RMS Emitt.
He2+
80A
0.507 0.318 3.948 0.515 ±3% Hor
-0.199 0.288 3.606 0.375 ±10% Vert
90A
0.468 0.361 3.372 0.562 ±10% Hor
-0.357 0.357 3.315 0.375 ±10% Vert
100A
0.514 0.352 3.591 0.64 ±10% Hor
-0.640 0.426 3.331 0.335 ±10% Vert
Ar6+
80A
-0.037 0.250 4.002 0.25 ±6% Hor
-0.522 0.468 2.721 0.2 ±7% Vert
90A
-0.223 0.258 4.067 0.3 ±7% Hor
-0.671 0.466 3.113 0.275 ±3% Vert
100A
-0.315 0.326 3.368 0.403 ±7% Hor
-0.693 0.562 2.634 0.277 ±3% Vert
Ar11+
80A
0.758 0.347 4.538 0.176 ±10% Hor
0.058 0.297 3.375 0.074 ±10% Vert
90A
0.482 0.333 3.699 0.21 ±10% Hor
-0.403 0.425 2.733 0.07 ±10% Vert
100A
0.507 0.034 3.722 0.238 ±10% Hor
-0.651 0.452 3.153 0.096 ±8% Vert
Table 9: Slit-grid emittances for SECRAL with different hexapole settings.
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3.4.2 Variation of the microwave frequency
To show the influence of different microwave frequencies on the beam quality three
emittance scan measurements have been made while the ion source was operated
with helium gas. The first measurement has been done with 14.5GHz (300W) the
second one with 18GHz (300W) and the third with a combination of 14.5GHz
(150W) and 18GHz (180W).
The respective ion beam profiles recorded on VT2 are shown in Fig. 47.
Fig. 48 and Table 10 demonstrate the normalized RMS emittance of these measure-
ments.
14.5GHz 18GHz 14.5+18GHz
Figure 47: Beam profiles for He2+ at VT2 behind dipole for microwave frequencies
of 14.5GHz, 18GHz, and 14.5GHz + 18GHz. Second row shows horizontal and
the third row the vertical emittance pattern.
42
Figure 48: Emittance scan results for horizontal and vertical emittances for the
He2+ with different frequencies.
µ W Twiss Parameters Normalized
Frequency α β γ RMS Emitt.
He2+
14.5GHz
0.204 0.300 3.476 0.615 ±3% Hor
-0.908 0.542 3.363 0.35 ±10% Vert
18GHz
-0.031 0.292 3.427 0.57 ±2% Hor
-1.374 0.641 4.503 0.3 ±10% Vert
14.5GHz & 18GHz
-0.169 0.278 3.698 0.58 ±2% Hor
-1.431 0.641 4.753 0.29 ±10% Vert
Table 10: Slit-grid emittances for SECRAL with different microwave settings.
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4 Computer simulations
As mentioned before, the plasma chamber has to be included for the simulation.
This is because the initial starting conditions for the ions seem to be located within
the cusp lines of the magnetic configuration. The strong influence of the magnetic
field on the low energy ions within the plasma is also the reason that the actual
magnetic flux density distribution has to be considered, instead of the design values.
However we replaced the exact magnetic flux density (for example calculated by
TOSCA) by a Taylor expansion of a Biot-Savart solution superimposed with an
analytical hexapole. This is sufficient from the stand point of accuracy, and it is
much faster than to calculate the exact solution. This magnetic flux density has
been used to calculate the magnetic field lines going through the extraction aperture.
According to the assumed model, the ions could originate only from these field lines.
4.1 Magnetic Flux Density Distribution B
To get a fast information about the actual flux density for the different current
settings for each coil, a simple approximation is used. Following the law of Biot-
Savart, the magnetic flux density on axis for the SECRAL source can be calculated
as shown below.
For a single conductor loop the magnetic flux density is given by
~BL(x) =
µ0nI
2
R2
(x2 +R2)
3
2
~ex (25)
where: µ0 is the permeability of free space, L is the length of the coil, R denotes
the coil radius, I is the coil current, and N is the number of windings of the coil.
For a solenoid with a certain axial dimension this formula has to be integrated over
the length.
~BS(x) = n
∫ L
0
~BL(x− x ′)dx ′ (26)
=
µ0nI
2
~ex
x ′ − x√
R2 + x2 − 2xx ′ + x ′2
∣∣∣∣∣
L
x ′=0
(27)
=
µ0nI
2
(
L− x√
R2 + (x− L)2 +
x√
R2 + x2
)
~ex (28)
To calculate the magnetic flux density distribution it was necessary to estimate
the unknown values of R, L and n for all three source coils. From a previous
measurement the magnetic flux density distribution along the beam axis is known.
Assuming three coils with the related current from the measurement, and calculating
the magnetic flux density distribution along the beam axis for each one of them, it
is possible to set the coil parameters of the assumed coils (R, L and n) that way
that the summation of the magnetic flux density will fit to the measured curve.
The measured and assumed curves are displayed in Fig. 49. After that, the current
was changed to the experimental values and the summation of the three solenoid
B fields represents approximately the B Field distribution of SECRAL during the
experiments (see Fig. 49).
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Figure 49: SECRAL B-Field distribution for the three source coils. Experimental
conditions as well as design values are displayed. PE marks position of the plasma
electrode.
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4.1.1 Design Values
0.7 m0.60.50.40.30.20.10.0
Figure 50: Magnetic flux density distribution. Lines of constant flux density from
the minimum value to the maximum value are shown.
0.7 m0.60.50.40.30.20.10.0
Figure 51: Magnetic flux density distribution. Only the values present in the ex-
traction aperture are displayed.
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Figure 52: Magnetic field lines going on a diameter of 6mm through the extraction
aperture. The red color indicates that the actual value of | ~B| is above the flux
density within the extraction system.
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Figure 53: Magnetic field lines, going through the extraction aperture, projected
into the horizontal plane.
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Figure 54: Magnetic field lines, going through the extraction aperture, projected
into the vertical plane.
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Figure 55: Magnetic field lines, going through the extraction aperture, projected
into the plane perpendicular to the beam direction.
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4.1.2 Actual Values
In most cases not the design values for the magnetic flux density are applied, the
optimization is made using the extracted ion beam as probe. Therefore, we compare
here the different paths of magnetic field lines going through the extraction aperture
for the different operating conditions. Here we do compare the design values with
the solenoid current of the injection coil 116A, middle coil 15A, and extraction
coil 91A. The hexapole coils were fed with 91A. It turned out, that the influence
on the magnetic field lines between the design value and the actual settings in the
experiment is not very strong. However, changing the current of one of the solenoids
or the hexapole, different extraction conditions will be selected.
There might be a compromise between a stable plasma confinement and good ex-
traction conditions.
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Figure 56: Magnetic field lines going on a diameter of 6mm through the extraction
aperture. The red color indicates that the actual value of | ~B| is above the flux
density within the extraction system.
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Figure 57: Magnetic field lines, going through the extraction aperture, projected
into the horizontal plane.
Here the difference between the design values and he actual values are negligible,
at least for the field line pattern. We should expect — as for the CAPRICE —
three arms for each charge state, forming a hollow triangle directly after extraction
when the beam line solenoid is not activated. These three arms are fed by three of
the loss lines within the plasma chamber.
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Figure 58: Magnetic field lines, going through the extraction aperture, projected
into the vertical plane.
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Figure 59: Magnetic field lines, going through the extraction aperture, projected
into the plane perpendicular to the beam direction.
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5 Conclusions
5.1 Experimental boundary conditions and restrictions
Operating the ion source with microwave frequencies above 18GHz was not possi-
ble, because there was no suitable rf generator available. The corresponding magnet
settings were chosen to be appropriate for 14.5GHz and for 18GHz which are con-
siderably lower than the design values for 24GHz, and for 28GHz, respectively.
As no correlated ramping between the dipole magnet and the focusing solenoid was
applied the measured mass-to-charge state distributions do not represent the true
intensities of all beam components. Also the beam shape for different mass-to-
charge states, displayed on VT2, is affected by this issue.
Emittance measurements provide results of different significance depending on the
method applied for evaluation. The method using slit-grid devices cannot account
for azimuthal inhomogeneities of the ion beam as it performs an integration in one
direction of the x-y coordinate system along the extension of the slit. In contrast
the profile method provides a real two-dimensional image which is more appropriate
to evaluate the special properties of an ion beam extracted from an ECRIS.
To investigate the physics of ion beam extraction from an ECRIS, a space resolved
emittance measurement for beam diagnostic is necessary. A pepper pot device is
mandatory [10], [11], [12].
5.2 Experiment
• Viewing targets turned out to be very useful to visualize and to understand
the internal structure of the ion beam in real space. However, the technical
life time of the viewing target has to be extended.
• The extracted ion beam from the SECRAL ion source is qualitatively similar
to the profiles obtained with the CAPRICE ion source, operated at 14.5GHz.
• The extracted ion beam seems to be hollow for some parameter settings. This
has been found for other ECRISs as well.
• When focusing the ion beam with the beam line solenoid on VT1 the imaged
charge state changes its shape from circular to triangular with increasing
focusing strength.
• The emittance estimation obtained with the beam profile method is useful.
Several restrictions apply, but it is at least an upper limit of the real emittance
of the extracted beam.
• The emittance deviation caused by parameter changes of the ion source (rf-
power, gas-flow, magnetic flux density profile) is visible, but small and there-
fore within the error bars of the measurement. For example: a small increase
of emittance has been found when the field of the hexapole is increased, but
this is not completely compatible with the experiences with the CAPRICE
ECRIS.
• Emittance measurements in front of the dipole magnet and behind it indicate
that the full beam cannot be transported without losses. The transmission
may be different for different mass-to-charge ratios.
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5.3 Simulation
• The used model for the simulation shows a reasonable agreement with the
experimental results. This model assumes full space charge compensation
within the plasma, as well as space charge compensation within the extracted
ion beam behind the screening electrode. Within the plasma it is assumed,
that ion-ion collisions are not important for the path of the ions. This is
because of the low energy of ions (eV-range) and the strong magnetic flux
density (several Tesla).
• Due to the conservation of momentum, extraction is possible only, if the mag-
netic flux density at the position of ion production is as high as in the extrac-
tion aperture.
• The difference of the field line pattern for the design values and the field
pattern of the actually applied magnetic flux density seems to be small. It
remains to check, whether this is true for all different magnetic settings.
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